Over 70 different species of mycoplasmas have been described (7) since their initial isolation some 80 years ago (26) . Mycoplasmas are the smallest procaryotic organisms capable of in vitro cultivation; the smallest units are 200 to 300 nm in diameter, with genome sizes ranging from 0.5 x 109 to 1.0 x 109 daltons. Unlike bacteria, they lack a cell wall and often parasitize mammalian cells by attaching to the plasma membrane. They are commonly isolated from humans and aniimals and are the causative agents of pleuropneumonia, urogenital infections, and arthritis in a number of avian and mammalian hosts (39) .
Mycoplasmas can produce covert infection of cell cultures or they can cause severe cytopathic effects, depending on the infecting species and cell line used (24) . Morphological and metabolic cellular functions can also be altered as a result of infection (2) (3) (4) (5) . Commonly observed changes in infected cells (2-5, 12, 38, 39) include (i) alteration (or transformation) of cell morphology and growth pattern, (ii) increase in chromosome aberrations, (iii) modification of nucleic acid metabolism, (iv) rapid depletion of required nutrients in culture medium (e.g., arginine, leading to cell starvation), (v) interference in cell membrane phenomena such as membrane receptor-mediated lymphocyte transformation and ciliary function, (vi) alteration of proliferation of certain mammalian viruses, and (vii) the production and release of mycoplasmaspecific enzymes into the cellular and extracellular environment contributing to alterations of metabolite levels in these compartments.
The results of a biochemical survey of 22 mycoplasmas are described for expression and identification of 21 soluble enzyme systems commonly used for specific genetic characterization of cultured mammalian cells (18, 27, 30) . The same enzymes were examined in cell culture lysates and in medium fluid exudates of three cell lines infected with a number of mycoplasmas. The electrophoretic patterns of these enzymes were investigated (i) to identify biochemical genetic characteristics of these organisms, (ii) Tables 2 and 3 . All mycoplasmas used were triple filter-cloned and purified, and the species designation of each culture was verified by the epiimmunofluorescence procedure (6) . Each mycoplasma used was grown in 1-to 2-liter volumes of broth medium containing mycoplasma broth base (BBL Microbiology Systems, Cockeysville, Md.), 10% yeast extract (Microbiological Associates, Inc., Bethesda, Md.), 0.5% glucose for fermenting or 0.1% arginine-hydrochloride for nonfermenting, arginine-utilizing species, and 100 U of penicillin G per ml. Medium was supplemented with either 10 to 20% horse serum (Microbiological Associates, Inc., Bethesda, Md.) for the Mycoplasma species or 2 to 5% PPLO bovine serum fraction (Difco Laboratories, Detroit, Mich.) for the Acholeplsma species (6) . Broth cultures were incubated at 35 ± 10C for 2 to 5 days, depending on the species, and the cells were sedimented by centrifugation at 20,200 x g for 60 min at 40C. The mycoplasma cell pellet was suspended and washed twice with phosphate-buffered saline, pH 7.4, before use. The mycoplasma titer in each culture was determined by either colony-forming units (CFU) per milliliter, using agar medium, or color-changing units (CCU) per milliliter, using broth medium.
Cell cultures and culture conditions. The following mycoplasma-free cell cultures were obtained from the Amencan Type Culture Collection: Afican green monkey kidney Vero (CCL81), mouse L-929 (CCL1), human HeLa (CCL2), and HEp-2 (CCL 23), a human HeLa derivative (17, 23) . Cells were grown in T75 plastic flasks containing 28 Preparation of concentrated cell culture fluids. Culture medium fluids of infected-cell (and uninfected control) cultures from nine subconfluent T75 flasks (10 ml) were centrifuged at 250 x g at 40C for 5 min to remove most of the mammalian cells. The supernatant was centrifuged for 2 h at 27,000 x g at 40C to harvest the noncytadsorbing mycoplasmal cells present in medium fluids. The resuspended supernatant was decanted by aspiration, and the pellet was suspended in a total of 0.6 ml (concentration factor, 150-fold) of hypotonic extraction buffer (0.05 M Trishydrochloride, pH 7.1, 0.001 M EDTA, 0.2% Triton X-100). The suspension was sonicated for 60 s, using a Heat Systems microprobe sonic disrupter, and centrifuged at 27,000 x g for 30 min. The supernatant was frozen adid stored at -700C.
Preparation of cell culture lysates. Cell lysates were prepared as described previously (30) . Cell cultures were harvested by scraping monolayers with a Teflon scraper, and the cells were washed by using low-speed centrfugation. Cell culture pellets were suspended in 1 to 2 volumes of hypotonic extraction buffer and sonicated as described above. The crude extract was centrifuged for 1 h at 27,000 x g at 4°C, and the supernatant was stored at -70°C until used.
Broth-grown mycoplasma extracts. These were prepared by sonication of the sedimented cell pellets suspended in 1 to 2 volumes of hypotonic extraction buffer as described for the cultured cells. Protein concentrations were determined by the Lowry method (20) .
Isozyme electrophoresis and stain development. The vertical starch gel electrophoresis apparatus (Buchler Instruments, Fort Lee, N.J.) in combination with 12% Electrostarch (Electrostarch Co., Madison, Wis.) was used to resolve all of the isozymes examined. Four buffer systems (30) were used as follows: TC buffer was a solution of 0.14 M Tris in 0.043 M citric acid, pH 7.1. The conductivity of TC buffer was adjusted to 3.3 m12. Undiluted TC buffer (lx TC) was used in the cathode chamber and buffer diluted 0.8x was used in the anode buffer. The TC gel buffer was diluted 0.07x. TEB buffer was a solution of 0.18 M Tris, 0.004 M EDTA, and 0.1 M boric acid, pH 8.6; conductivity was 1.3 mll. Undiluted TEB buffer was used in the cathode, and buffer diluted 0.8x was used in the anode. The TEB gel buffer was diluted 0.1x. For NADP dehydrogenases, 1 ml of NADP (20 mg/ ml) was added to the cathode buffer for both TC and TEB buffer systems. TEM buffer was a solution of 0.1 M Tris-hydrochloride, 0.01 M Na2 EDTA, 0.1 M maleic acid, and 0.01 M MgCl2, pH 7.4. Undiluted TEM buffer was the electrode buffer, and TEM gel buffer was diluted 0.1x. PI buffer was a solution of 0.1 M sodium phosphate, pH 6.5 (PI buffer). The bridge was undiluted PI buffer, and the gel was diluted 0.1x. Electrophoresis was carried out for 16 to 20 h at 130 V measured across the gel with a voltmeter. Starch gels were sliced horizontally by using a piano wire slicer, (14, 24, 30, 35) .
RESULTS
Expression of isozymes in broth-grown mycoplasmas. Each mycoplasma species examined was grown in 1 to 2 liters of broth and produced titers ranging from 105 to 105 CFU or CCU per ml. The crude extract preparations were subjected to gel electrophoresis and assayed by histochemical staining for 21 isozyme systems readily detected in cultured mammalian cells (Table 1) . In most mycoplasmas, appreciable activity was detected with nine of the isozyme systems ( Fig. 1 and 2 ; Table 2 ). Three enzymes were restricted to Acholeplasma species (superoxide dismutase, glucose-6-phosphate dehydrogenase, and 6-phosphogluconate dehydrogenase). The remaining nine isozyme systems were not detected in any of the species. Of the 12 systems present in mycoplasmas, 7 were also detected in mycoplasma-infected mammalian cell cultures. The distribution of enzyme activities observed in different mycoplasmas is shown in Table 2 , and their relative electrophoretic mobilities are shown in Fig. 1 and 2 . Five of the enzymes (esterase, adenylate kinase, dipeptidase, nucleoside phosphorylase, and inorganic pyrophosphatase) were present in all or most of the mycoplasmas tested, whereas seven of the positive enzyme systems (glyceraldehyde-3-phosphate dehydrogenase, triose phosphate isomerase, glucose phosphate isomerase, acid phosphatase, superoxide dismutase, glucose-6-phosphate dehydrogenase, and 6-phosphogluconate dehydrogenase) appeared in only certain species tested.
The enzymes observed among the mycoplasmas varied in their activities, their electrophoretic mobilities, and in the number of isozymes resolved. These variations were due, in part, to the amount of growth obtained in broth, the stability of enzymes through extraction, the activity under our assay conditions (which are optimal for eucaryotic enzymes), and a variety of undefined parameters (29) known to affect enzyme activities. The electrophoretic mobilities of mycoplasma enzyme systems shown in Fig. 2 provide a series of characteristic genetic markers. The electrophoretic resolution of these isozyme systems can be used to identify and classify mycoplasmas in a manner similar to that used for identification of mammalian cells (28, 30) . The enzymes detected in mycoplasmas included three glycolytic enzymes, glucose phosphate isomerase, triose phosphate isomerase, and glyceraldehyde-3-phosphate dehydrogenase. As e,xpected, mycoplsinas previously classified as glucose fermenters (38) Table 3 .
In general, the expression of mammalian cellular enzymes was not detectably altered by the mycoplma infection. There were, however, a iS'f; * .X~4W
. . } . number of enzyme stains which revealed additional bands with an electrophoretic mobility identical to that of the same enzyme found in broth-grown extracts of the infecting mycoplasmas (Fig. 1C) . These new enzyme bands were considered to be encoded by the mycoplasma genome because their mobilities were constant with the mycoplasmas and independent of the host (broth, human, or murine cell culture). Of the 12 enzymes expressed in broth-grown mycoplasmas, 7 were observed as mycoplasma-specific bands in some, but not all, extracts of cultured cells or in concentrated culture fluid extracts ( Table 3 (25) . Relative mobilities of isozymes are illustrated in Fig. 2. bTPI, Triose phosphate isomerase; G3PD, glyceraldehyde-3-phosphate dehydrogenase; GPI, glucose phosphate isomerase; NP, purine nucleoside phosphorylase; PP, inorganic pyrophosphatase; AK, adenylate kinase; DIP, dipeptidase; ESA, esterase; SOD, superoxide dismutase; ACP, acid phosphatase; G6PD, glucose-6-phosphate dehydrogenase; PGD, phosphogluconate dehydrogenase.
(f) Glucose fernenter, (n) glucose nonfermenter, arginine utilizer. (PG21, H34, 1257, and 760) . ' Trace activity of superoxide dismutase was seen in M. faucium. The activity in these extracts was 10-to 100-fold less than activity observed in the Acholeplasma species.
h Trace activity of triose phosphate isomerase was seen in M. meleagridis. HEp-2 tity of the infecting mycoplasma as well as the particular mammalian cell under investigation. Five enzyme systems were observed in both cell lysates and in cell fluid concentrates. The mycoplasma enzymes which showed the highest activity in infected cultured cells determined by limiting dilution (25) were triose phosphate isomerase, glucose phosphate isomerase, and nucleoside phosphorylase. Consequently, these three enzymes represent the best candidates for detecting mycoplasmas in infected cells. However, the usefulness of these enzymes is limited somewhat by their distribution in various mycoplasmas (Table 2) as well as by coincidental mobilities of homologous enzymes produced by the host cells and the infecting mycoplasma.
DISCUSSION
More than 100 gene-enzyme systems have been described in biochemical and genetic studies of mammalian cells (14) . We have chosen to examine 22 mycoplasmas, including the most common contaminants of cell cultures (5), for the presence of 21 enzymes homologous to mammalian isozymes. Broth-grown mycoplasmas and mycoplasma-infected mammalian cell cultures were examined. Twelve isozyme systems were easily detected in some or all mycoplasmas, whereas nine enzymes were not detected in extracts of 20 mycoplasmas tested (Table 1) . Of the 12 enzymes found in mycoplasmas, 9 (purine nucleoside phosphorylase, adenylate kinase, dipeptidase, esterase, glyceraldehyde-3-phosphate dehydrogenase, glucose phosphate isomerase, glucose-6-phosphate dehydrogenase, 6-phosphogluconate dehydrogenase, and superoxide dismutase) have been reported previously for selected species (16, 22, 32, 34, 39, 1980 ) extend the number of described isozymes in mycoplasmas to over 25 systems. Similar technology could readily be applied to numerous other soluble protein and enzyme systems described in mycoplasmas (9, 19, 22, 31, 32, 36, 37, (40) (41) (42) (43) ).
An interesting aspect of these data is the exclusive appearance of three isozyme systems (superoxide dismutase, glucose-6-phosphate dehydrogenase, and 6-phosphogluconate dehydrogenase) in Acholeplasma species. The single exceptional Mycoplasma species (M. faucium) expresses only trace amounts of superoxide dismutase (less than 1% of activity seen in Acholeplasma species). The restriction of glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase to Acholeplasma species suggests that the pentose shunt is operative in this genus, but not in Mycoplasma. The strict concordance of detection of these three enzymes presents itself as a useful and rapid diagnostic characteristic of the Acholeplasma genus.
The detection of substantial levels of three glycolytic enzymes, glucose phosphate isomerase, glyceraldehyde-3-phosphate dehydrogenase, and triose phosphate isomerase, in each of the fennenting mycoplasmas and their absence in nonfermenting species supports the classification scheme of fermenting versus nonfermenting mycoplasnas (38) . The detection of trace levels of glycolytic enzymes in M. meleagridis and M. hominis was an unexpected observation which cannot be understood with the available data.
The reactive superoxide radical°2 is a minor, but not trival, product of biological oxidation of molecular oxygen (13) . Fluxes (8, 10, 11) . Several other species (M. hominis, M. fermentans, and M. salivarium) failed to produce peroxide in parallel assays (11) .
Our results do not show a correlation between peroxide production and superoxide dismutase activity. Apparently, those strains which produce peroxide but lack superoxide dismutase activity utilize a different mechanism for generation of excreted peroxide.
Two enzymes involved in purine nucleoside metabolism, nucleoside (inosine) phosphorylase and adenylate kinase, were also detected. We have reported elsewhere (manuscript in preparation) that nucleoside phosphorylase activity is carried by the same protein that catalyzes the adenosine phosphorylase activity which was reported by Hatanaka and co-workers (15, 37, 40) and found to be characteristic of and restricted to mycoplasmas (15, 37, 40) . The remaining four enzymes (inorganic pyrophosphatase, dipeptidase, esterase, and acid phosphatase) were detected with nonphysiological substrates, which makes identification of their metabolic role difficult.
A number of enzymes were present in multiple forms or isozymes in certain species (Fig. 2) . Since the extracts were prepared from clonepurified cultures, genetic polymorphism is an unlikely explanation. A number of possible biochemical mechanisms for isozyme formation have been discussed in detail elsewhere (21, 29) and include posttranslational enzyme modification (e.g., phosphorylation and sialic acid addition), different interaction with cofactors, heteromultimeric enzymes, multiple structural genes for enzymes with the same activities, and conformational isozymes. The biochemical basis of isozyme formation seen in mycoplasmal enzymes is unclear at present and must await biochemical or genetic analysis or both.
Among the enzymes we failed to detect were malate dehydrogenase, isocitrate dehydrogenase, and malic enzyme. The first two enzymes participate in the tricarboxylic acid (Krebs) cycle, and the third enzyme is indirectly involved in malate regulation. The absence of the three enzymes has been reported in Acholeplasma species (31) and is consistent with a lack of a tricarboxylic acid cycle in mycoplasmas which are thought to be deficient in the apparatus of oxidative phosphorylation (31) . Hexosaminidase and glyoxylase, not generally present in procaryotes, were also absent in our study. Although it is tempting to conclude that a negative result indicates absence of the enzyme, we cannot exclude the interpretation that the enzyme is present in the mycoplasma but not resolved under the conditions used which were optimal for the mammalian enzymes. No attempt was made to adjust reaction conditions to those of previously reported biochemical characteristics of mycoplasmas and bacterial enzymes.
